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Abstract Properties of putrescine uptake by PotFGHI
and PuuP and their physiological significance were studied
using a polyamine biosynthesis and uptake deficient
Escherichia coli KK3131 transformed with pACYCI184
containing potFGHI or puuP. Putrescine uptake activity of
E. coli KK3131 transformed with pACYC184-PotFGHI
was higher than that of E. coli 3131 transformed with
pACYC-PuuP when cells were cultured in the absence of
putrescine. Putrescine uptake by PotFGHI was both ATP
and membrane potential dependent, while that by PuuP was
membrane potential dependent. Feedback inhibition by
polyamines occurred at the PotFGHI uptake system but not
at the PuuP uptake system. Expression of PuuP was
reduced in the presence of PuuR, a negative regulator for
PuuP, and expression of PuuR was positively regulated by
glucose, which reduces the level of cAMP. The complex of
cAMP and CRP (cAMP receptor protein) inhibited the
expression of PuuR in the absence of glucose. Thus, the
growth rate of E. coli KK3131 in the presence of both
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0.4 % (22.2 mM) glucose and 10 mM putrescine was in
the order of cells transformed with pACYC-PotFGHI >
pACYC-PuuP > pACYC-PuuP + PuuR, which was par-
allel with the polyamine content in cells. The results
indicate that PotFGHI is necessary for rapid cell growth in
the presence of glucose as an energy source. When glucose
in medium was depleted, however, PuuP was absolutely
necessary for cell growth in the presence of putrescine,
because accumulation of putrescine to a high level by PuuP
was necessary for utilization of putrescine as an energy
source.

Keywords Putrescine - Transport - Feedback inhibition -
Energy source - cAMP

Abbreviations
CadB  Cadaverine-lysine antiporter

CCCP Carbonyl cyanide m-chlorophenylhydrazone
CRP cAMP receptor protein

PotE Putrescine-ornithine antiporter
Introduction

Polyamines (putrescine, spermidine, and spermine) are
essential for normal cell growth (Cohen 1998; Igarashi and
Kashiwagi 2010b), and their content in cells is regulated by
biosynthesis, degradation, uptake, and excretion (Casero
and Pegg 2009; Igarashi and Kashiwagi 2010a, b; Marton
and Pegg 1995). With regard to transport, the properties of
three polyamine transport systems were characterized in
Escherichia coli (Higashi et al. 2010; Igarashi and Kash-
iwagi 2010a; Kashiwagi et al. 1990). They include sper-
midine-preferential (PotABCD) and putrescine-specific
(PotFGHI) uptake systems, which belong to the family of
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ATP binding cassette transporters, and a protein, PotE,
involved in the excretion of putrescine at acidic pH by a
putrescine-ornithine antiporter activity. Furthermore, it has
been reported that cadaverine and aminopropylcadaverine
function as compensatory polyamines for cell growth
(Igarashi et al. 1986), and CadB, a cadaverine-lysine
antiporter, is strongly involved in cell growth at acidic pH,
like PotE (Neely and Olson 1996; Soksawatmaekhin et al.
2004; Tomitori et al. 2012; Watson et al. 1992). Analogous
to the speF-potE operon (Kashiwagi et al. 1991), cadB is
one component of the cadBA operon, in which cadA
encodes lysine decarboxylase (Meng and Bennett 1992;
Neely and Olson 1996) and is induced by acidic pH and
lysine (Soksawatmaekhin et al. 2004). The speF-potE and
cadBA operons contribute to an increase in the pH of the
extracellular medium through excretion of putrescine and
cadaverine, the consumption of protons to create the
membrane potential, and a supply of carbon dioxide for
nucleotide synthesis during the decarboxylation reaction
(Takayama et al. 1994), hence the expression of these two
operons is important for cell growth at acidic pH. A sper-
midine excretion protein complex (MdtJI) whose expres-
sion is enhanced by spermidine has also been identified
(Higashi et al. 2008). Thus, polyamine content is well
regulated by many polyamine transport systems to main-
tain optimal concentrations necessary for cell growth in the
presence of glucose as an energy source.

Recently, it has been reported that PuuP functions as
putrescine uptake protein when putrescine is used as an
energy source (Kurihara et al. 2009). Thus, putrescine
uptake by PotFGHI and PuuP was compared using E. coli
cells deficient in polyamine biosynthesis and uptake, in the
presence of glucose and putrescine as energy sources. It
was found that PotFGHI functions more effectively than
PuuP for the stimulation of cell growth by polyamines in
the presence of glucose, and PuuP is necessary for cell
growth in the presence of putrescine and absence of
glucose.

Materials and methods
Bacterial strains and culture conditions

Escherichia coli KK3131 [old name KK313 potF::Km],
which is deficient in both putrescine biosynthesis and
putrescine and spermidine uptake, was prepared from
putrescine biosynthesis deficient E. coli MA261 (speB
speC serA thr leu thi) (Cunningham-Rundles and Maas
1975) as described previously (Kashiwagi et al. 2002;
Pistocchi et al. 1993). E. coli KK3131 was deficient in
PotABCD [Val-135 is mutated to Met in PotA ATPase
(Kashiwagi et al. 2002)], PotFGHI (potF::Km) and PuuP
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[Tyr-110 converted to Cys (Kurihara et al. 2009)] activi-
ties. Putrescine can be converted to spermidine in E. coli
KK3131. E. coli MA261 Acya, crp [old name MA261
cya::Km crp::Tet] was prepared as described previously
(Yoshida et al. 2001). The cells were cultured overnight at
37 °C in Luria—Bertani (LB) medium (10 g of tryptone,
5 % of yeast extract and 10 g of NaCl per liter) containing
kanamycin (0.05 mg/ml), chloramphenicol (0.03 mg/ml)
and/or tetracycline (0.015 mg/ml), transferred to medium
A (40.2 mM K,HPO,, 22.1 mM KH,PO,, 1.7 mM sodium
citrate, 7.6 mM (NH,4),SOy4, 0.41 mM MgSO,, 6 uM thi-
amine, 40 uM biotin, 0.8 mM threonine, 0.7 mM methio-
nine, 1 mM serine, 1 mM glycine, 0.6 mM ornithine, pH
6.8) with 0.4 % (22.2 mM) glucose, and grown till Asyq
reached 1.0. Then, E. coli cells were cultured at an Asyq of
0.1 and growth was monitored at 37 °C by measuring As4q
in medium A containing 0 or 10 mM putrescine with either
0.4 % (22.2 mM) or 0.04 % (2.22 mM) glucose.

Plasmids

A medium-copy number vector pACYC184 was used for
construction of pACYC-PuuP and pACYC-PuuP + PuuR.
PCRs were performed using total chromosomal DNA from
E. coli W3110 as a template, and P1 (5-GGAGCCAG
GATCCACATTTGCTGGTAATCC-3') and P2 (5'-TTA
TTTGCGGATCCGGTTAATGCGCTAAGC-3') as prim-
ers for amplification of puuP and puuA genes, P3 (5'-
GCATAAGGGCGGATCCTAGCACTCGTGATC-3') and
P4 (5-TAAGCTCATCGGGATCCGCTCACTTGCCG-3')
as primers for amplification of puuP + puuR genes (puuP
puuA puuD puuR) (Kurihara et al. 2008). The amplified
genes were digested with BamHI and inserted into the
restriction site of pACYC184. Plasmid pACYC-PotFGHI
(old name, pPT79) was prepared as described previously
(Kashiwagi et al. 1990). A high-copy number vector pET-
52b(+) (Novagen) was used for construction of pET-Puu-
P(His) and pET-PotFGHI(His). PCRs were performed
using total chromosomal DNA from E. coli W3110 as a
template, and P5 (5-GGAGCCAGGATCCACATTTGC
TGGTAATCC-3) and P6 (5-ATTGCGGCCGCCGTTT
CACTCACCGGCGTT-3') as primers for amplification of
puuP gene, P7 (5-AAGTGCAGGATCCGAAAATCGA
CCGTGTGC-3') and P8 (5-TATGCGGCCGCGCCACG
TCTTGCACGCTGG-3') as primers for amplification of
potFGHI genes. The amplified genes were digested with
BamHI and Notl, and inserted into the restriction site of
pET-52b(+). In case of pACYC-PuuP(His), a PCR was
performed using pET-PuuP as template and P5 and P9 (5'-
GGCAGGATCCTAGGTTAATTAGTGGTGGTG-3') as
primers. The BamHI fragment containing puuP gene with a
Hisg tag was inserted into the same restriction site of pA-
CYC184. Plasmid pACYC-PuuP(His) + PuuR was
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constructed by exchanging the Sall fragment of pACYC-
PuuP + PuuR with the Sall fragment of puuP(His) gene of
pET-PuuP(His). In case of pACYC-PotFGHI(His) con-
taining potl gene with a Hisg tag at COOH terminus, a PCR
was performed using pET-PotFGHI(His) as template and
P10 (5-TGCGGTACCTGCAAGCTTCAAAATTATCTG-
3’) and P11 (5-GGAAGCTTCCTAGGTTAATTAGTGG
TGGTG-3') as primers. The HindIII fragment containing
potFGHI(His) gene was inserted into the same restriction
site of pACYC184. The nucleotide sequence of the plas-
mids was confirmed with a CEQ8000 DNA genetic anal-
ysis system (Beckman Coulter). Transformation of E. coli
KK3131 with these plasmids was carried out by electro-
poration (Sambrook and Russell 2001). Colonies of trans-
formants with pACYC184 were grown on LB agar plate
containing kanamycin (0.05 mg/ml), chloramphenicol
(0.03 mg/ml) and/or tetracyclin (0.015 mg/ml).

Putrescine uptake by intact cells

Escherichia coli KK3131 cells carrying pACYC-PotFGHI
or pACYC-PuuP were cultured in 100 ml medium A
containing 0.4 % glucose in the absence of putrescine until
Asqo = 0.5, and were suspended in medium A containing
0.4 % glucose to yield a protein concentration of
0.03-0.1 mg/ml. The cell suspension (0.48 ml) was pre-
incubated at 30 °C for 5 min, and the reaction was started
by the addition of 0.02 ml of 0.5 mM [14C]putrescine
(370 MBg/mmol, Sigma). Thus, the concentration of
[14C]putrescine in the reaction mixture was 20 uM. After
incubation at 30 °C for 5 min, the cells were collected on
cellulose acetate filters (0.45 uM; Advantec Toyo Co.), and
the radioactivity on the filters was measured with a liquid
scintillation spectrometer. Protein content was determined
by the method of Bradford (Bradford 1976) after trichlo-
roacetic acid precipitation of cells.

Dot blot and Western blot analysis

Escherichia coli KK3131 cells carrying pACYC-Pot-
FGHI(His), pACYC-PuuP(His) or pACYC-PuuP(His) +
PuuR were cultured in 100 ml medium A containing 0.4 or
0.04 % glucose with 10 mM putrescine until As49 = 0.5.
Total RNA was prepared from these cells by the method of
Emory and Belasco (Emory and Belasco 1990). Dot blot
analysis was performed using ECL direct nucleic acid
labeling and detection system (GE Healthcare Bio-Sci-
ences) according to the accompanying manual. Probes
were made by PCR, and the sizes of the probes used for
puuP, puuR and potFGHI were 756, 432, and 1,263
nucleotides, respectively. Chemical luminescence was
detected by a LAS-1000 plus luminescent image analyzer
(Fuji Film).

Western blot analysis was performed using ECL Wes-
tern blotting reagents (GE Healthcare Bio-Sciences).
Membrane protein fractions were prepared as described
previously (Oliver and Beckwith 1982). Approximately
2-3 mg inner membrane protein fraction was obtained
when cells were cultured in 100 ml medium A containing
0.4 % glucose. The amount of proteins used for Western
blotting was described in the legends of figures. Anti-
His(C-term) antibody was obtained from Invitrogen, and
antibody against chloramphenicol acetyltransferase was
from Abcam. Antibodies against CRP and RNA polymer-
ase 6’ subunit were kindly provided by Dr. A. Ishihama at
Hosei University. The level of protein on the blot was
quantified with a LAS-3000 luminescent image analyzer
(Fuji Film).

Measurement of polyamines, ATP and cAMP in cells

Polyamines and ATP were extracted by treatment of the
cells with 10 % trichloroacetic acid with occasional shak-
ing. Polyamine content was determined by high-pressure
liquid chromatography as described previously (Igarashi
et al. 1986). ATP content was determined by ENLITEN®
ATP Assay System Bioluminescence Detection Kit for
ATP measurement (Promega) according to the accompa-
nying manual. The cAMP content in cells was measured
using a cAMP enzyme immunoassay system (GE Health-
care Bio-Sciences) as described previously (Terui et al.
2007).

Results
Putrescine uptake by PotFGHI and PuuP

The genes encoding proteins for putrescine uptake—Pot-
FGHI and PuuP—and for PuuR, a negative regulator of
puuP gene expression (Kurihara et al. 2008; Nemoto et al.
2012; Pistocchi et al. 1993) are illustrated in Fig. la.
Putrescine uptake in polyamine-deficient KK3131 cells
transformed with pACYC-PotFGHI or with pACYC-PuuP
was compared under the same experimental conditions. As
shown in Fig. 1b, the uptake of putrescine by PotFGHI was
greater than that by PuuP. Furthermore, the uptake of
putrescine by PotFGHI was decreased in the absence of
glucose and by the addition of 40 uM CCCP (carbonyl
cyanide m-chlorophenylhydrazone), an inhibitor of proton
circulation, indicating that putrescine uptake by PotFGHI is
both ATP and membrane potential dependent, similar to
spermidine uptake by PotABCD (Kashiwagi et al. 2002). In
contrast, the uptake of putrescine by PuuP was dependent
on the membrane potential, because it was inhibited by
40 puM CCCP, but the decrease in ATP did not inhibit
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Fig. 1 Putrescine uptake A Schematic of potFGHI and puuP-puuR genes

activity by PotFGHI and PuuP. {FGH, 1 b
a Schematic of potFGHI and po potFGHI genes

uuP-puuR genes is shown I ;
l(jKuri}f;ra etgal. 2008; Nemoto pot? > potG > potH > pot >
et al. 2012; Pistocchi et al. puuP-puuR genes puuDR,
1993). The puuA and puuD
genes encode - ‘ﬂﬂ_ PUUA E puuD >PUUR >

glutamylputrescine synthetase

and y-glutamyl-y- puuA,

aminobutyrate hydrolase,

respectively. Initiation points of B Energy requirement of putrescine uptake and ATP content during assay
gf::vi?.plil(})’Tlt?:::csigz‘z;t:lze was B +Glucose [ -Glucose +Glucose + CCCP
measured in medium A with or o~ 25 10

without 0.4 % glucose and f‘g '% 20 =

40 pM CCCP during the 29 ® 8

incubation. ti.me. Putrescine o g; 15 a g_ 6 X I
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with pACYC184 (0.21 nmol/ % g 5 E 2

min/mg protein) as a e

background. ATP content in PACYC-  pACYC- 0 DACYC- PACYC-

cells was measured as described

in “Materials and methods” PotFGHI  PuuP
after 5 min incubation in the
putrescine uptake assay mixture
containing 20 pM nonlabeled pACYC-PotFGHI 80I:I Putrescine M Spermidine

PotFGHI ~ PuuP

C Feedback inhibition of putrescine uptake catalyzed by PotFGHI

(2]
putrescine with or without ) 70 , o] —
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of putrescine uptake activity, a € 20 g E
ATP and polyamine content are &) S10f %v or
means + standard errors of p= 0 . L o 0
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Fig. 2 Effect of 0.4 %
(22.2 mM) or 0.04 % A

Cell growth
(2.22 mM) glucose and 10 mM

0.4% glucose

0.04% glucose

putrescine on growth of 1.2 | A +PUT, pACYC-PotFGHI

polyamine-deficient cells 0 +PUT, pACYC-PuuP

transformed with pACYC184
encoding various putrescine
transporters. a Cell growth was
followed by measuring Asyp.
Open triangle E. coli KK3131/
pACYC-PotFGHI, open box 0.6 |
E. coli KK3131/pACYC-PuuP,
filled circle E. coli KK3131/ 0.4
pACYC-PuuP + PuuR, open
circle and filled diamond E. coli 02 }
KK3131/pACYC184 vector.

1.0 } © +PUT, pACYC184

@ +PUT, pACYC-PuuP+PuuR

- PUT, pACYC184

1.2 [ A +PUT, pACYC-PotFGHI

O +PUT, pACYC-PuuP

® +PUT, pACYC-PuuP+PuuR
1.0 [ o0 +PUT, pACYC184

08

A 540

0.6 f
04

0.2

- PUT, pACYC184

Cells were cultured in the 0 . . ,
presence of 0.4 or 0.04 % 0 2 4 6
glucose with 10 mM putrescine

except E. coli KK3131/

PACYCI184 (filled diamond) as B

- Polyamine content
shown in the figure. Values are

8 10 12 14 0o 2 4 6
Time (h)

O PUT M SPD

8 10 12 14
Time (h)

O PUT M SPD
200

means =+ standard errors of 200

triplicate determinations. PUT

-
o
o

putrescine. b Polyamine content
in cells harvested at Asyo = 0.5
were measured as described in
“Materials and methods”.
Values are means + standard
errors of triplicate
determinations. ns, p > 0.05,
*p < 0.05, **p < 0.01

Polyamine
(nmol/mg protein)
g

(&)
o

PotFGHI PuuP

putrescine uptake by PuuP (Fig. 1b). Uptake of putrescine
by PotFGHI and PuuP was not inhibited by diaminopro-
pane, cadaverine, spermidine, and y-aminobutyric acid, an
intermediate of putrescine utilization pathway (Kurihara
et al. 2008), indicating that both systems are putrescine-
specific (data not shown).

We have reported that spermidine uptake by PotABCD
was inhibited by spermidine through its interaction with the
COOH-terminal domain of PotA ATPase (Kashiwagi et al.
2002). Thus, it was determined whether feedback inhibi-
tion occurs for putrescine uptake by PotFGHI and PuuP. As
shown in Fig. lc, putrescine uptake by PotFGHI was
gradually inhibited by increasing levels of intracellular
polyamines (putrescine and spermidine), whereas the
activity of PuuP was not affected by intracellular poly-
amine levels. These results suggest that putrescine uptake
by PotFGHI can contribute to the maintenance of optimal
polyamine levels in cells through feedback inhibition by
accumulated polyamines, analogous to feedback inhibition
of spermidine uptake by PotABCD. Then, the K, values
for putrescine and the V.. values for putrescine uptake of
PotFGHI and PuuP were compared under the same
experimental conditions. The K, values for putrescine
uptake by PotFGHI and PuuP were 0.57 and 6.2 uM,
respectively, and the V., values were 23.0 and 8.3 nmol/

pACYC- pACYC- pACYC-

PuuP+PuuR

Polyamine
(nmol/mg protein)

pACYC184

pACYC-
PotFGHI PuuP

pACYC- pACYC- pACYC184
PuuP+PuuR

min/mg protein, respectively (Fig. 1d). The results were
similar to the previous reports (Kashiwagi et al. 1990;
Kurihara et al. 2009) except the V,,.x value for PuuP. This
suggests that the level of PuuP synthesis may change
according to the nutritional conditions of cell culture.

Participation of PotFGHI and PuuP in cell growth
of putrescine biosynthesis- and uptake-deficient E. coli
KK3131 cells

The effects of PotFGHI and PuuP on cell growth were
determined in the presence of 0.4 % (22.2 mM) glucose
and 10 mM putrescine using cells transformed with
pACYC184-PotFGHI, pACYC-PuuP and pACYC-PuuP +
PuuR. As shown in Fig. 2a, cell growth was in the order
pACYC-PotFGHI > pACYC-PuuP > pACYC-

PuuP + PuuR ~ pACYC184 vector. The cell growth of
E. coli KK3131/pACYC-PuuP + PuuR was nearly equal
to that of E. coli KK3131/pACYC184 vector, indicating
that putrescine uptake system catalyzed by PuuP does not
function in the presence of PuuR. The generation time of
E. coli KK3131 cells transformed with pACYC-PotFGHI,
pACYC-PuuP and pACYC-PuuP + PuuR was 90 min,
180 and 240 min, respectively. The polyamine content in
cells was parallel with the rate of cell growth: i.e. levels of
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Fig. 3 Measurement of Potl Dot blotting Western blotting
and PuuP protein level and A
potFGHI, puuP and puuR pACYC-PotFGHI
mRNA level under various potFGHI mRNA Potl protein ; CAT protein
conditions. E. coli KK3131 cells RNA(Ug) 04 1.2 4 12 :
transformed with pACYC- o)~ 04 1. Glucose 0.4% 0.04% : 0.4% 0.04%
PotFGHI(His), pACYC- 0.4% Glc ® 0 :
PuuP(His) and pACYC- e [(— | ; (= —]
PuuP(His) + PuuR were 0.04% Glc 3 ) :
cultured in the presence of Relative amount 100 119 100 95
0.4 % (22.2 mM) or 0.04 % Ratio (0.04%/0.4%)  1.1+0.2"s Ratio (0.04%/0.4%) 1.2+0.2"s 1.0+0.1ns
(2.22 mM) glucose with 10 mM
putrescine until Asyy = 0.5.
Western blotting of Potl-His B PACYC-PuuP
and PuuP-His was performed L .
using 30 pg proteins and anti- puuP mRNA puuR mRNA PuuP protein CAT protein
His(C-term) antibody. The level RNA(Mg) 08 24 8 24 2 6 20 60 :
of chloramphenicol : Glucose 0.4% 0.04% 0.4% 0.04%
acetyltransferase (CAT) was 04%Glc (@ ® © @ [ -] | [——]
measured as a control using PP Py :
5 pg protein. Dot blotting for 0.04% Gic ” . 64 90 : 105 113
potFGHI mRNA, puuP mRNA Relative amount
and puuR mRNA was Ratio (0.04%/0.4%) 1.3+0.1* 0.740.1* Ratio (0.04%/0.4%) 1.4+0.2* 1.1+0.17s
performed as described in
“Materials and methods”.
Values are means + standard pACYC-PuuP+PuuR
errors of triplicate L .
determinations. ns, p > 0.05, puuP mRNA puuR mRNA PuuP protein ' CAT protein
p < 0.05, **p < 0.01 :
ANA(g) 08 24 8 24 2 6 20 &0 Glucose 0.4% 0.04% | 0.4% 0.04%
0.4% Glc " e CI B ) [ | | [—
0.04% Gle @00 @e Relative amount 18 47 96 103
Ratio (0.04%/0.4%) 2.510.2** 0.2+0.1** Ratio (0.04%/0.4%) 2.6+0.2** 1.11£0.1"s

putrescine and spermidine in cells transformed with pA-
CYC-PotFGHI, pACYC-PuuP, pACYC-PuuP + PuuR and
pACYC184 vector were 128 and 30, 108 and 22, 78 and
16, and 76 and 15 nmol/mg protein, respectively, when
cells were harvested at Asyo = 0.5 (Fig. 2b). The results
indicate that the putrescine uptake by PotFGHI is more
effective than that by PuuP in the presence of glucose, and
confirmed that PuuR is an effective negative regulator for
PuuP expression.

Then, the effects of PotFGHI and PuuP on cell growth
were determined in the presence of 0.04 % (2.22 mM)
glucose and 10 mM putrescine. As shown in Fig. 2a, cell
growth was in the order pACYC-PotFGHI ~ pACYC-
PuuP > pACYC-PuuP + PuuR ~ pACYC184 vector.
When glucose became deficient in the medium, growth of
cells transformed with pACYC-PotFGHI and pACYC184
vector stopped, but that of cells transformed with pACYC-
PuuP and pACYC-PuuP + PuuR continued until putres-
cine became depleted (Fig. 2a). The results indicate that
putrescine is used as an energy source only when PuuP
functions as a putrescine importer. Polyamine content in
cells harvested at As4o = 0.5 was nearly parallel with the
degree of maximal cell growth. Putrescine and spermidine
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content in cells transformed with pACYC-PuuP was 174
and 32 nmol/mg protein, respectively, which are estimated
to be 60 and 11 mM, respectively, if E. coli cell volume is
estimated to be 2.9 pl/mg protein (Bakker and Mangerich
1981), while the putrescine and spermidine content in cells
transformed with pACYC-PotFGHI was 115 and 22 nmol/
mg protein, respectively, which are estimated to be 40 and
7.6 mM, respectively (Fig. 2b). Polyamine content in
E. coli KK3131/pACYC-PuuP + PuuR was higher than
that in E. coli KK3131/pACYC-PotFGHI, because PuuP
functioned in the absence of glucose. These results support
the idea that accumulation of a high concentration of
putrescine is necessary for putrescine utilization as an
energy source.

Comparison of expression level of PotFGHI and PuuP

The levels of PotFGHI and PuuP proteins and those of
potFGHI and puuP mRNAs were analyzed by Western
blotting and dot blot analysis, respectively. As shown in
Fig. 3, both potFGHI mRNA and protein levels were
approximately 1.6-fold higher than puuP mRNA and pro-
tein levels. The results indicate that rapid putrescine uptake
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A Intergenic region between puuAP and puuDRCBE operons
TTGAGTTTGCAAAAATGAAAACCCACTGCTAGATTGAAAAAA

-35

-10

TATTGAACATAAAGGTCATTTAAAGCGCAGTAGCGATAATTT
cAMP-CRP binding site
AGTCCACTNTGTGAGATTGAGCATGGAAAATATAATGAACAA

B cAMP content

Met (puuD —»)

C Western blotting of CRP

20 W 0.4% glucose KK3131/ KK3131/
= * 0 0.04% gl PACYC-  pACYC-
@ 15 I_‘ * 0.04% gluicose PuuP PuuP+PuuR
o ©
= s Glucose 0.4% 0.04% 0.4% 0.04%
ﬁ o 10 [
§ CRP |™ au aa» e
g sf
=3 Relative amount 100 102 111 106
0 Ratio ns ns
KK3131/ KK3131/ (0.04%/0.4%) 1-0£0-1™  1.0+0.1
pACYC- pACYC-
PuuP PuuP+PuuR

D Dot blotting of puuR

MA261 MA261Acya, crp
/pACYC- IpACYC-
PuuP+PuuR PuuP+PuuR

RNA (ung) 2 6 20 60 2 6 20 60

0.4% Glc Q 0 . . e o . .

0.04% Glc e 0 O .
Ratio .

(0.04%/0.4%) 0.2+0.1 0.9+0.2ns

Fig. 4 Regulation of PuuP synthesis by PuuR repressor through the
cAMP-CRP protein complex. a Nucleotide sequence of intergenic
region between puuAP operon and puuDRCBE operon (Nemoto et al.
2012) was shown. b and ¢ The levels of cAMP and CRP in E. coli
KK3131/pACYC-PuuP and E. coli KK3131/pACYC-PuuP 4 PuuR
were measured as described in “Materials and methods”. The level of
cAMP in E. coli KK3131/pACYC-PuuP was significantly higher than
that in E. coli KK3131/pACYC-PuuP + PuuR. d and e Dot blotting

by PotFGHI was mainly due to the high level expression of
PotFGHI, rather than PuuP. It was also shown that the level
of PuuP protein was higher when glucose concentration
was low, which roughly reflects the level of puuP mRNA.
When puuP was expressed together with puuR in the
presence of 0.4 % glucose, the level of PuuP protein was
repressed by PuuR, which was parallel with the level of

E Western blotting
PuuP protein

MA261 MA261 Acya, crp
IpACYC- IpACYC-
PuuP+PuuR PuuP+PuuR
Glucose 0.4% 0.04% 0.4% 0.04%
PuuP | -] | |
:;'g:"xf 100 315 100 99
(0.0mnoazy 3201 1.0£0.20s
c’° protein
Glucose 0.4% 0.04% 0.4% 0.04%
00 | . a| |- - |
:;'::l'xf 100 114 100 96
(0_0:‘;‘,‘5’_4%) 1.1£0.17 1.0£0.1ns

of puuR mRNA and Western blotting of PuuP protein in E. coli
MA261 Acya, crp and its parent strain E. coli MA261 were performed
as described in “Materials and methods”. Western blotting of CRP
and PuuP was performed using 30 pg protein, and that of RNA
polymerase ¢’° subunit was performed using 2 pg protein. Values are
means =+ standard errors of triplicate experiments. ns, p > 0.05,
*p < 0.05, ¥*p < 0.01

puuP mRNA. Under these conditions the level of puuR
mRNA was high. The results suggest that expression of
puuR mRNA is positively regulated by glucose, so that
expression of puuP mRNA is negatively regulated by
glucose.

The inhibitory mechanism of expression of puuR mRNA
at low concentration (0.04 %) of glucose was then studied.
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High glucose
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Optimal polyamine level ﬂ
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Fig. 5 Physiological functions of PotFGHI and PuuP in the presence
of 0.4 % (222 mM) or 0.04 % (2.22 mM) glucose with 10 mM
putrescine. In the presence of 0.04 % glucose, expression of PuuP was

There is a cAMP-CRP recognition site (Shimada et al.
2011) between the initiation site of transcription and the
initiation codon ATG in puuD gene in the puuDRCBE
operon (Figs. 1a, 4a). Thus, if the level of cAMP is high in
cells cultured in the presence of 0.04 % glucose, negative
regulation by the cAMP-CRP complex probably occurs in
the puuR gene expression (Shimada et al. 2011). As shown
in Fig. 4b and c, the level of cAMP was higher when cells
were cultured in the presence of 0.04 % glucose compared
to 0.4 % glucose, while the level of CRP was nearly equal
in cells cultured in the presence of either 0.4 or 0.04 %
glucose. Stimulation of PuuP synthesis by cAMP through
inhibition of puuR expression was confirmed using E. coli
MA261 Acya, crp and its parent strain. As shown in
Fig. 4d and e, expression of puuR gene was greatly
enhanced in E. coli MA261 Acya, crp compared to its
parent strain, and accordingly, synthesis of PuuP protein
was strongly inhibited even at low concentration (0.04 %)
of glucose. These results supports the idea that synthesis of
PuuP at low concentration of glucose was enhanced
through inhibition of puuR expression, and that the level of
cAMP is important for negative regulation of puuR
expression in the presence of 0.04 % glucose.

Discussion

In E. coli, two major putrescine-specific uptake systems,
i.e. PotFGHI and PuuP, have been reported (Kurihara et al.
2008; Pistocchi et al. 1993). Properties and physiological
functions of both uptake systems were studied using a
polyamine biosynthesis and uptake deficient E. coli
KK3131 transformed with pACYC-PotFGHI or pACYC-
PuuP. Results obtained in this study indicate that both
PotFGHI and PuuP contribute to the growth of polyamine-
deficient cells cultured in the presence of 0.4 % (22.2 mM)

@ Springer
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enhanced through repression of PuuR expression, and PotFGHI
activity was inhibited by accumulated polyamines

glucose and 10 mM putrescine. Under these conditions,
PotFGHI enhanced cell growth more effectively than PuuP,
because the expression level of PotFGHI was higher than
that of PuuP and the K, value for putrescine was lower in
PotFGHI than in PuuP. In culture conditions where
putrescine became a major energy source, PuuP was
required as the putrescine transporter. Putrescine transport
by PuuP was not inhibited by the accumulated polyamines,
so that high concentrations of putrescine could be accu-
mulated to synthesize v-glutamylputrescine, the first
intermediate for putrescine utilization as an energy source.
The K, value of putrescine for y-glutamylputrescine syn-
thetase was 44.6 mM (Kurihara et al. 2008). Accumulation
of a high concentration of putrescine did not occur with
PotFGHI, because of feedback inhibition of putrescine
uptake by polyamines. Thus, PuuP is essential for putres-
cine utilization as an energy source.

When PuuP was expressed in the presence of PuuR, cell
growth was delayed, because PuuR is a negative regulator
of PuuP expression (Nemoto et al. 2012). It also became
clear that PuuR expression is positively regulated by glu-
cose, which decreases the level of cAMP. The transcription
of puuR mRNA is most likely inhibited through the binding
of cAMP-CRP complex to transcription initiation region of
the puuDRCBE operon in the presence of 0.04 %
(2.22 mM) glucose (see Fig. 4d). Similar negative regula-
tion of the level of ompA mRNA by cAMP-CRP complex
has been recently reported (Lin et al. 2011). It has been
reported that putrescine uptake by PuuP was higher than
that by PotFGHI using the polyamine-containing cells
(Kurihara et al. 2009). This may be explained by the
finding that putrescine uptake by PotFGHI, but not by
PuuP, was inhibited by accumulated polyamines (see
Fig. 1c), and that the level of PuuP expression was
increased in the presence of low concentration of glucose
(see Fig. 3b). If putrescine content in cells increased
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further (see Fig. 2b), it is expected that putrescine uptake
by PotFGHI decreased further.

Judging from the results shown in Fig. 2a, there is another
putrescine uptake system in addition to PotFGHI, PuuP and
PotABCD. Experiments are now in progress to find another
gene encoding a new putrescine uptake protein. When E. coli
KK3131 was transformed with low copy number plasmid
pMW-PotFGHI, pMW-PuuP and pMW-PuuP + PuuR, a
similar dependency of cell growth was also observed in the
presence of 0.4 % (22.2 mM) glucose or 0.04 % (2.22 mM)
glucose with 10 mM putrescine (data not shown).

The results obtained in this study clearly indicate the
physiological function of two putrescine uptake systems:
PotFGHI imports putrescine for maintenance of the opti-
mal concentration of polyamines necessary for cell growth
in the presence of glucose, whereas PuuP imports putres-
cine for its utilization as an energy source in the absence of
glucose. The physiological functions of PotFGHI and PuuP
were summarized in Fig. 5.
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